Abstract. The magnetic and kinematic configuration of sunspot penumbrae is investigated by performing an inversion of the Stokes profiles of three infrared lines at 1565 nm. We use a two-component model atmosphere to describe, at least to first order, the unresolved structure of the penumbra. The observed Stokes profiles are successfully fitted, including those exhibiting abnormal shapes. The results of the inversion are consistent with the idea that the penumbra is formed by almost horizontal flux tubes embedded in a more vertical background magnetic field, as proposed by Solanki & Montavon (1993) . The tubes possess weaker fields than the background except in the very outer penumbra, and carry most of the Evershed flow. We characterize the radial variation of the magnetic field vector and the velocity vector in these atmospheric components. In the middle penumbra and beyond, the magnetic field and the flow in the tubes are seen to return to the solar surface. Everywhere in the penumbra, there is a perfect alignment of the magnetic field vector and the velocity vector in the component describing the penumbral flux tubes. We find that the Evershed flow is supercritical in many places of the outer penumbra, and supersonic at some locations near the outer sunspot boundary. Based on these inversions, we suggest that the azimuthal fluctuations in the average magnetic field inclination and strength inferred from simple one-component models are caused by fluctuations in the filling factor (i.e., the fractional area of the resolution element occupied by flux tubes), not by changes in the intrinsic magnetic and kinematic properties of the background or the flux-tube atmospheres. Also, we confirm the jump of magnetic field azimuth proposed by Müller et al. (2002) to explain the observed net circular polarization of infrared lines.
Introduction
The global structure of the penumbra is relatively well known from an observational point of view (see, e.g., Martínez Pillet 1997; del Toro Iniesta 2001; Solanki 2003) . During the last decades, full spectropolarimetric measurements have been used to determine the organization of the magnetic field vector and the flow field in the penumbra. The underlying hypothesis in most of the analyses is that the observed Stokes profiles can be explained in terms of a single magnetic atmosphere filling the resolution element. Under this assumption, it has been found that the magnetic field strength decreases and the magnetic field inclination increases radially as the outer penumbral boundary is approached. Another important result is that the magnetic field vector and line-of-sight velocity undergo significant azimuthal fluctuations around the sunspot center (Beckers & Schröter 1969; Degenhardt & Wiehr 1991; Schmidt et al. 1992; Title et al. 1993; Lites et al. 1993; Stanchfield et al. 1997; Westendorp Plaza et al. 2001a,b; Bellot Rubio 2003; Mathew et al. 2003) . These fluctuations occur on spatial scales much larger than the sizes of the penumbral fibrils.
The fine structure of the penumbra shows up prominently in high resolution images taken with large telescopes, adaptive optics, and speckle or phase diversity reconstruction techniques. The typical size of the bright and dark penumbral filaments is 150-250 km (Scharmer et al. 2002; Rouppe van der Voort et al. 2004; Sütterlin et al. 2004) . This is much smaller than the spatial resolution of current spectropolarimetric measurements (700 km at best 1 ). Thus, the question arises as to how well the magnetic and kinematic properties inferred from one-component analyses describe the various (spatially unresolved) constituents of the penumbra. An answer to this question is important to decide on the reliability of the derived penumbral structure and to understand the origin of the observed azimuthal fluctuations.
Indications that the characterization of the penumbra in terms of one-component atmospheres may be inaccurate do exist. The most prominent example is perhaps the observation that the Evershed flow is more horizontal than the magnetic field vector by as much as 10
• (Adam & Petford 1991; Title et al. 1993; Skumanich et al. 1994; Martínez Pillet 1997; Solanki 2003; Bellot Rubio 2003) . This result contradicts the theoretical expectation that the magnetic field must be frozen in the photospheric plasma (e.g., Stix 2002) . The explanation commonly put forward to resolve the problem is that the unresolved structure of the penumbra is not accounted for. The flow occurs preferentially in the more inclined fields and its inclination is compared with the inclination of the average magnetic field, which gets contributions from both highly inclined and more vertical structures. Therefore, the average magnetic field must appear more vertical than the velocity vector (Title et al. 1993; Martínez Pillet 1997) , as observed. If this conjecture is correct, the lack of parallelism between the magnetic field and the flow would be an artifact induced by a too simplistic interpretation of the observations.
The shapes of the observed polarization profiles also suggest that the penumbra is formed by more than one magnetic component. A first indicator is the net circular polarization (NCP), defined as the integral of Stokes V over wavelength. The NCP of lines emerging from the penumbra is different from zero. Non-zero NCPs are produced by gradients or discontinuities of the atmospheric parameters along the line of sight (Auer & Heasley 1978; Sánchez Almeida & Lites 1992; Landolfi & Landi degl'Innocenti 1996; Müller et al. 2002) . Solanki & Montavon (1993) acknowledged this as a fundamental ingredient of sunspot penumbrae and incorporated the required discontinuities in their uncombed penumbral model. The uncombed model envisions the penumbra as a collection of small horizontal flux tubes embedded in a more vertical magnetic field, i.e., as a two-component structure. Another indicator is the observation that a significant fraction of penumbral Stokes V profiles of visible and infrared lines show anomalous shapes with three or even four lobes (Sánchez Almeida & Lites 1992; Westendorp Plaza et al. 2001a; del Toro Iniesta et al. 2001; Bellot Rubio et al. 2002; Schlichenmaier & Collados 2002; Bellot Rubio 2003) . The abnormal shapes have been interpreted as the superposition of different signals produced by at least two magnetic components coexisting in the resolution element. The observed linear polarization profiles have more regular shapes, but they also provide indications of two different magnetic components Schlichenmaier & Collados 2002; Bellot Rubio 2003) .
To improve our understanding of the penumbra, the obvious next step is to interpret the observations using a model capable of describing, at least to a first approximation, the unresolved structure of the penumbra, i.e., a model incorporating more than one magnetic component. In this paper, we present the first inversion of a complete spot in terms of a two-component model. On purpose, we adopt the simplest geometrical scenario possible and assume that the two magnetic atmospheres lie next to each other in the resolution element, without any vertical interlacing. In addition, the magnetic and kinematic parameters describing the two atmospheres are taken to be constant with height. This simple representation of the fine structure of the penumbra turns out to be sufficient to explain the polarization profiles of infrared lines. The two components of the model can be associated with penumbral flux tubes and the surrounding magnetic fields in which they are embedded. Our analysis resolves some conflicts generated by simple one-component interpretations of the observations. We find, for instance, a perfect alignment of the velocity vector and the magnetic field vector in the flux-tube component carrying the Evershed flow.
The paper is organized as follows. After describing the observations (Sect. 2), we present the geometrical model adopted and give details of the inversion (Sect. 3). Sections 4 and 5 are devoted to investigating the magnetic and kinematic configuration of the penumbra inferred from the two-component inversion. In Sect. 6 we discuss the azimuthal fluctuations of the atmospheric parameters indicated by one-component analyses, and the generation of the NCP of infrared lines. Finally, Sect. 7 summarizes our findings. Preliminary results of this work have been presented by Balthasar et al. (2003 ), Bellot Rubio (2003 , 2004 and Bellot .
Observations and data reduction
On September 20, 1999 the main spot of NOAA Active Region 8704 was observed with the Tenerife Infrared Polarimeter (TIP; Martínez Pillet et al. 1999) attached to the Vacuum Tower Telescope of Teide Observatory (Tenerife, Spain). The spot was located at an heliocentric angle of 40
• . Large heliocentric angles are important to maximize the Doppler shifts induced by the almost horizontal Evershed flow, and also to separate the two magnetic components of the penumbra on the center side through the spectral signatures they leave on the linear polarization profiles. Maps of the spot were created by scanning the spectrograph slit (of length 35 arcsec and width 0.5 arcsec) across the solar disk in steps of 0.38 arcsec. The pixel size was 0.35 arcsec in the spatial direction and 2.9 pm in the spectral direction. The integration time for one slit position was 2 s, allowing us to reach a noise level of about 10 −3 in units of the continuum intensity. With this integration time, the total time needed to scan the spot was 6 min. The scanning was done with the help of a correlation tracker (Schmidt & Kentischer 1995; Ballesteros et al. 1996) , which also served to reduce image motion due to turbulence in the Earth's atmosphere. The seeing conditions were fair, leading to an effective spatial resolution of about 1.1 arcsec. This value has been estimated from the average power spectrum of the quiet sun granulation.
TIP was used to record the four Stokes profiles of three neutral iron lines at 1565 nm (see Table 1 ). A detailed account of the properties of these lines is given by Cabrera Solana et al. (2005) . The lines are very sensitive to magnetic fields not only because of the λ 2 -dependence of the Zeeman splitting, but also because of their large Landé factors (the two stronger lines have g eff = 3 and g eff = 1.45, respectively). The observed lines probe very deep atmospheric layers due to the reduced opacity of H − at these wavelengths (the minimum opacity occurs at 1642 nm). Also, the high excitation potentials of the lower atomic levels mean that the lines do not form in the cool layers above log τ 5 ∼ −2, where τ 5 represents continuum optical depth at 500 nm.
Dark subtraction, flatfielding, and merging of the two beams have been performed in the usual way. The resulting Stokes profiles have been corrected for instrumental 
The arrow indicates the direction to disk center. It also represents the positive y-axis of the local reference frame. Contour levels for the inner and outer penumbral boundaries are 0.75 and 0.90 of the quiet sun continuum intensity. The continuum map shows an azimuthal path at a normalized radial distance of 0.7. The crosses mark the position of the Stokes profiles displayed in Fig. 3 . Table 1 . Atomic parameters of the observed lines. λ 0 is the laboratory central wavelength, χ the excitation potential of the lower level, and log g f the logarithm of the oscillator strength times the multiplicity of the level. The parameters α and σ (in units of Bohr's radius, a 0 ) are used to calculate the broadening of the lines by collisions with neutral hydrogen atoms. The last column gives the effective Landé factor of the transition. Oscillator strengths are from Borrero et al. (2003a) . polarization applying the statistical procedure explained by Schlichenmaier & Collados (2002) and Collados (2003) . After correction, residual crosstalk from linear to circular polarization and vice versa is estimated to be ∼1%. The observed Stokes profiles have been normalized to the continuum intensity of the average quiet sun profile in the map, in order to have an absolute calibration of the intensity and polarization signals. This absolute calibration facilitates the recovery of temperatures and the determination of the amount of stray light contamination.
In the absence of telluric lines or other means to define an absolute velocity scale, we use the central wavelength of the average quiet sun intensity profile, corrected for convective blueshift, as the position of zero velocities. The convective blueshift of these lines is estimated to be 445 m s −1 from the two-component model of the quiet sun of Borrero & Bellot Rubio (2002) and the results of Balthasar (1985) . The absolute velocity calibration of the observations should be correct to within ±100 m s −1 .
The red wing of the intensity profiles of Fe  1564.8 nm is affected by a telluric blend. We have removed the blend by inverting the average quiet sun intensity profile of the line with the two-component model of Borrero & Bellot Rubio (2002) . The difference between the observed average profile and the best-fit profile gives the shape of the blending line, allowing us to remove it from the individual spectra in the same way as done by Mathew et al. (2003) . Figure 1 shows the continuum intensity and polarization maps of AR 8704 as observed with TIP. The latter have been constructed by integrating the unsigned circular and linear polarization profiles of Fe  1564.8 nm over wavelength (the lin-
. With a spatial resolution of about 1 arcsec, the filamentary structure of the penumbra is still apparent in the continuum map. The total circular and linear polarization maps show large differences between the center-side and limb-side penumbra, due to projection effects. On those sides of the penumbra where the circular and linear signals are smaller, one can clearly distinguish radial structures with enhanced polarization. These structures were detected for the first time in maps taken with the Advanced Stokes Polarimeter (Elmore et al. 1992) and are sometimes referred to as spines and intra-spines (Lites et al. 1993) . One-component analyses of the observed polarization profiles suggest that the spines and intra-spines are caused by azimuthal fluctuations in the inclination and strength of the magnetic field vector (see the discussion in Bellot Rubio 2003). Figure 2 demonstrates that at least two magnetic components must exist in sunspot penumbrae. Here we plot the spatial variation of the intensity, circular polarization, and linear polarization profiles emerging from AR 8704 along the symmetry line, i.e., the line connecting the disk center and the sunspot center. In the limb-side penumbra, Stokes V changes polarity at the position of the neutral line. This geometrical discontinuity divides the penumbra in two regions dominated by different magnetic signals. In the inner limb-side penumbra, the Stokes V profiles indicate strong magnetic fields and small flow velocities. Beyond the neutral line, the Stokes V signal suggests weaker field strengths and larger flow velocities. The transition between the two regimes is very abrupt. As first noticed by , the linear polarization profiles also show a "neutral line" in the center-side penumbra. Again, this line separates two regions where the polarization signals are quite different. In agreement with the inferences from Stokes V, the linear polarization profiles indicate strong fields and small flow velocities in the inner center-side penumbra, and the opposite in the outer center-side penumbra. The very different Zeeman splittings and Doppler shifts observed immediately before and after the two discontinuities reveal that the penumbra is formed by at least two magnetic components with different field strengths, inclinations, and material flows. At locations where the geometry is favorable, the signals produced by these atmospheric components are clearly seen in the same resolution element as, for example, near the neutral lines. Conceivably, both components are present all over the penumbra, with different weights in different spatial locations so that one dominates in the outer penumbra and the other shows up more prominently in the inner penumbra 2 . The two magnetic components indicated by the observations probably reflect the fine structure of the penumbra, and are compatible with existing theoretical models of the penumbra (Schlichenmaier et al. 1998; Thomas et al. 2002; Weiss et al. 2004) . Earlier analyses of visible lines (Bernasconi et al. 1998; Lites et al. 2002) and infrared lines (Rüedi et al. 1999; del Toro Iniesta et al. 2001; Schlichenmaier & Collados 2002) have also revealed the existence of two magnetic components in sunspot penumbrae.
Model atmosphere and inversion
To account for the unresolved structure of the penumbra, at least to first order, we assume that each pixel contains two different magnetic atmospheres interlaced horizontally but not vertically. The atmospheric parameters describing the two components of the model are taken to be constant with height except for the temperature, which is allowed to vary with depth by means of two nodes (gas pressures and densities also change with height as specified by the condition of hydrostatic equilibrium). In particular, the magnetic field vector and the lineof-sight (LOS) velocity are constant in the two components. This choice is natural in the first application of such a complex model to real observations, but it entails a considerable simplification of the problem. For the present investigation, however, the assumption of height-independent parameters may be justified in view of the small range of optical depths to which our lines are sensitive: the line-forming region is not thicker than one or two decades in log τ 5 (Mathew et al. 2003; Cabrera Solana et al. 2005) , in sharp contrast to the case of visible lines. Our model is unable to produce any NCP because it does not incorporate discontinuities or gradients along the LOS. This, however, does not compromise the quality of the fits because the infrared lines studied here exhibit very little NCP (see Borrero et al. 2004, and Fig. 10a) .
Throughout the paper, the two components of the model will be referred to as background and flux-tube atmospheres for simplicity. These magnetic components give rise to different Stokes profiles I b and I t . Due to the lack of spatial resolution, the two signals are mixed according to a filling factor f which represents the fractional area of the pixel occupied by the fluxtube atmosphere. After accounting for scattered/stray light via a stray light factor α, the Stokes profiles emerging from the resolution element, I = (I, Q, U, V) T , are modeled as
The stray light is assumed to be unpolarized, i.e., I stray = (I stray , 0, 0, 0) T , where I stray represents the average intensity profile in the non-magnetic regions of the map.
The observed Stokes profiles have been inverted using the SIR code (Stokes Inversion based on Response functions; Ruiz Cobo & del Toro Iniesta 1992). SIR computes synthetic Stokes profiles by solving the radiative transfer equation for polarized light in the two-component model atmosphere under the assumptions of local thermodynamical equilibrium and hydrostatic equilibrium. A non-linear, least-squares Marquardt's algorithm (Press et al. 1986 ) is used to modify the parameters of an initial guess model until the synthetic profiles match the observed ones.
The inversion returns the temperature stratification, the three components of the magnetic field vector, and the LOS velocity of the two components of the model, together with a single value for the macroturbulent velocity. In addition, the stray light factor α and the filling factor f of the flux-tube component are also determined. Thus, the total number of free parameters is 15. The availability of full Stokes profiles renders it possible to derive the three components of the magnetic field vector accurately. Also, the stray light contamination is determined accurately by forcing an agreement between the observed intensity profiles and the corresponding polarization signals.
Although we focus on the penumbra, the umbra of AR 8704 has been inverted as well. In the umbra, the Fe  1565.2 nm line is blended with two molecular OH lines whose signals may be larger than that of the iron line itself (Mathew et al. 2003 Bernasconi et al. (1998) , Rüedi et al. (1999) , Leka (2001) , del Toro Iniesta et al. (2001), Lites et al. (2002) , and . Most of these studies concentrate on a few spatial positions across the penumbra, without attempting the inversion of the full spot.
Results
The quality of the fits can be assessed from Fig. 3 , where we display the observed and best-fit Stokes profiles emerging from two pixels in the center-side and limb-side penumbra (the latter near the neutral line). The center-side Stokes V profiles exhibit normal two-lobed shapes, but they possess extended red wings. The most remarkable feature in this example is the abnormal shape of Stokes Q, which seems to result from two very different signals. In the limb-side penumbra near the neutral line, the observed Stokes V profiles show abnormal shapes with three lobes. Interestingly, also the Stokes Q and U profiles display asymmetrical shapes.
As expected, the two-component model is able to provide a good fit to the observed Stokes profiles, with residuals only slightly larger than the noise (the examples shown in Fig. 3 represent the worst-case scenario, for more normal Stokes profiles are usually better reproduced). The rms difference between synthetic and observed profiles is of the order of 4 × 10 −3 in units of the continuum intensity. On average, the χ 2 -values of the fits are a factor of two lower than those resulting from a simpler one-component inversion of the same data (Bellot Rubio 2003) . In fact, one-component inversions without gradients of the physical parameters cannot reproduce such abnormal profiles. Either two magnetic components or one-component inversions with gradients (e.g., Mathew et al. 2003; Bellot Rubio et al. 2002; ) are required to explain the different polarities indicated by the observations. Figure 4 displays maps of the magnetic field vector and LOS velocity in AR 8704 as inferred from the two-component inversion for the background (left) and the flux-tube (right) atmospheres. The magnetic field inclination and azimuth are expressed in the local reference frame (LRF). The LRF is defined by the z-axis pointing away from the Sun along the local vertical and the y-axis pointing to disk center along the symmetry line. The transformation to the LRF has been done by computing the cartesian coordinates of the magnetic field vector in the LOS frame from the LOS inclinations and azimuths returned by the inversion code, and then applying a rotation of angle θ (the heliocentric angle) about the x-axis. The new cartesian coordinates in the LRF are converted back into zenith angles and azimuths using standard formulae. As revealed by Fig. 3 , the spot is of negative polarity. In order to facilitate the interpretation of our results, the magnetic zenith angles γ and azimuths ψ are displayed throughout the paper as if the spot were of positive polarity, i.e., we have made the transformations γ → π − γ and ψ → ψ−π. Zenith angles of 90
• denote fields parallel to the solar surface. The 180
• ambiguity of the LOS azimuth has been removed by demanding a smooth variation of the LRF magnetic field vector around the sunspot's center.
The maps of atmospheric parameters displayed in Fig. 4 are remarkably smooth in spite of the fact that they are based on the inversion of about 9100 individual pixels. We believe this testifies to the adequacy of the geometrical model adopted. A disturbance in the outer penumbra at coordinates (13, 27) arcsec can be seen in some of the maps. The disturbance coincides with an anomalous penumbral region observed in high resolution images of the spot taken with the Dutch Open Telescope four hours earlier (Balthasar et al. 2001) .
From Fig. 4 it is clear that the two magnetic components of the penumbra exhibit rather different properties. The first component, the background (left panels), is characterized by stronger and more vertical fields than the second (right panels). In both components, the field strength decreases and the magnetic zenith angle increases with radial distance, although at slightly different pace. As revealed by the magnetic azimuth maps, the magnetic field vector in the two components is essentially radial. We do not see the field azimuth variation across spine regions reported by Lites et al. (1993) and Skumanich et al. (1994) from one-component inversions of the Fe  lines at 630 nm. These variations were interpreted as a natural consequence of the strong spine fields forming a canopy over the surrounding, more horizontal flux tubes. Since the angular resolution of our observations is similar to that of Lites et al., we believe that the reason why such azimuth variations are not detected in the present analysis is that the infrared lines sample deeper layers coinciding more or less with those where the tubes reside. In addition, the line forming region is much narrower, its thickness being comparable to the diameter of the tubes. Under these conditions, the wrapping of the background field lines around the tubes may be less obvious in the infrared than in the visible (interestingly enough, the one-component inversions of AR 8704 presented by Bellot Rubio 2003 did not reveal significant azimuth variations near spine regions either). Figure 4 also shows that the LOS velocities in the background are negligible in the inner penumbra and small in the outer penumbra. By contrast, the LOS velocity in the flux tubes increases radially, reaching values as large as 6 km s −1 in the outer penumbra. The LOS velocity shows a marked azimuthal dependence, with redshifts in the limb-side and blueshifts in the center-side penumbra. This is the signature of the Evershed flow (see Thomas 1994 , for a review).
An intriguing result of our inversions is the abrupt jump exhibited by the magnetic zenith angle of the background atmosphere in the middle penumbra, where the field suddenly becomes more horizontal when going from the umbra to the outer penumbral boundary. This jump is more pronounced on the limb side, but it can also be seen on the center side. We have no explanation for this behavior, although it is important to mention that it occurs beyond the neutral line (cf. Fig. 1 ). Apparently, a jump in the background magnetic zenith angle is required to provide a fit to the observed Stokes profiles: forcing the zenith angle of the background to be the same on either side of the discontinuity results in significantly poorer fits away from the umbra. We suspect that the jump is not real, but a consequence of our using a too simplistic model of the penumbra. It may well be that another atmospheric component is present in the middle penumbra and beyond. Since our model only contains two magnetic atmospheres, the third component could get mixed with the background atmosphere, which might result in a discontinuity in the radial variation of the zenith angle if the field is more inclined in the third component than in the background 3 . This conjecture should be verified by increasing the complexity of the inversion, which will probably require more information in the form of simultaneous observations of visible and infrared lines. In any case, we would like to remark that the strange behavior of the background zenith angle in the middle penumbra affects the other atmospheric parameters very little, in particular those of the flux-tube component. 3 Another possibility is that there are vertical variations of the field structure that are sampled differently on the center and limb sides. We tend not to favor this explanation because it is not clear to us how differential opacity effects could produce a sharp discontinuity such as the observed one. Note that differential opacity effects should also influence one-component inversions. However, the one-component inversions of the same spot presented by Bellot Rubio (2003) do not feature discontinuities in the magnetic zenith angle. Figure 5 shows the spatial distribution of the filling factor, i.e., the fractional area of the resolution element covered by the flux-tube component. The map indicates that flux tubes are largely absent in the umbra. The visibility of the tubes increases rapidly in the inner penumbra, reaching a plateau in the middle penumbra. The behavior in the outer penumbra is less clear, with the limb side showing a pronounced decrease in filling factor and the center side featuring a smaller radial variation of this quantity. In the limb-side penumbra, the filling factor starts to decrease where the background magnetic zenith angle suddenly becomes more horizontal (see Fig. 4 ).
The structure of the penumbra
The global behavior of the inferred magnetic field strengths (decreasing towards the outer edge of the spot), the magnetic zenith angles and the LOS velocities (both increasing radially) in the two components confirm earlier results based on simpler models (e.g., Beckers & Schröter 1969; Lites et al. 1993; Keppens & Martínez Pillet 1996 ; see also the review by Solanki 2003) . Our inversions, however, provide separate information on these physical quantities for the two magnetic components of the penumbra.
To characterize the properties of the two magnetic components in a more quantitative way, we have constructed radial profiles by averaging the atmospheric parameters along azimuthal paths centered on the spot. Azimuthal paths are taken to be ellipses oriented in such a way that they mimic the spot shape locally, with semimajor axes covering all radial distances from the umbra/penumbra boundary to the outer penumbral boundary (normalized radial distances r/R from 0.4 to about 1.05, where R represents the radius of the spot in the continuum map). The azimuthal paths explicitly avoid the disturbance mentioned in the previous section. An example of azimuthal paths is shown in the continuum image of Fig. 1 . Figure 6 displays the radial variation of the azimuthally averaged field strength, zenith angle, and relative azimuth in the background and the flux-tube atmospheres, along with that of the filling factor. In the following, we describe the magnetic configuration of the penumbra based on these radial profiles. 
Magnetic field configuration
As seen in Fig. 6a , the field strength in both the background and the flux-tube components decreases radially outwards. Interestingly, the magnetic field in the tubes is weaker (by some 500-800 G) than in the surroundings from the inner penumbra up to approximately 0.9 penumbral radii. At this position, the azimuthally averaged field strength in the tubes becomes slightly larger than in the background. Since the field strength difference is very small in the outer penumbra, we do not attach any particular relevance to this result. It is clear, however, that the radial variation of the field strength is slower in the tubes. Such a behavior, first noticed by Rüedi et al. (1999) , has also been confirmed by . The latter authors suggest that this result may bear important consequences for the physical mechanism driving the Evershed flow. That the field strength in the tubes is weaker in the inner penumbra is not surprising if the tubes are hotter than the background, as suggested by the moving tube simulations of Schlichenmaier et al. (1998) . The hotter plasma inside the tubes implies a larger gas pressure, hence the internal magnetic pressure (and correspondingly the field strength) must be smaller to maintain horizontal mechanical equilibrium. A larger field strength in the tubes compared with the surroundings near the outer penumbral boundary was first reported by Westendorp Plaza et al. (2001a) . The enhanced field strength of the tubes in this part of the penumbra could be related to the cooling of the plasma as it flows along the tubes (Schlichenmaier et al. 1999) . It could also result from the gradual shift of the background magnetic field towards higher layers required to explain the sunspot canopy (cf. Solanki et al. 1992) . With the present data, however, we cannot confirm this idea because our inversion neglects possible gradients of the atmospheric parameters with height. Figure 6b demonstrates that the inclination of the magnetic field vector in the background and the flux tubes increases with radial distance. However, the two components show quite different behaviors. The magnetic field in the background remains relatively vertical all the way from the inner to the outer penumbral boundary, with maximum inclinations of about 60
• . By contrast, the inclination of the magnetic field in the tubes changes from ∼70
• near the umbra to some 100
• at the outer penumbral edge. That is, the tubes are slightly inclined upwards in the inner penumbra, then become horizontal at about 0.8 penumbral radii, and finally dive below the solar surface at larger radial distances. In interpreting these results one must recall that single tubes cannot extend from the inner to the outer penumbra with the inclinations displayed in Fig. 6b , as they would quickly move outside the line forming region (cf. . The behavior of the average inclination angle thus refers to the ensemble of tubes that are conceivably present at each radial distance. The individual tubes are crossed by any given azimuthal path at different positions from their inner footpoints, so they contribute to the average with different inclination angles (see Fig. 3 in Schmidt 2002 , for a sketch).
It is important to mention that our results do not confirm the magnetic zenith angles inferred from simpler one-component models (e.g., Beckers & Schröter 1969; Lites & Skumanich 1990; Keppens & Martínez Pillet 1996; Stanchfield et al. 1997 ; see also Bellot Rubio 2003, for a one-component inversion of the spot studied here). In these analyses, the average inclination is found to increase from some 30
• at the umbral boundary to about 75
• at the outer sunspot edge. That is, the zenith angles determined from one-component analyses are too horizontal for the background atmosphere and too vertical for the flux-tube atmosphere. More importantly, these analyses do not reveal the existence of field lines going back to the solar surface in the middle penumbra and beyond, except perhaps at some isolated patches (Westendorp Plaza et al. 1997 , 2001a Mathew et al. 2003) . By contrast, our two-component analysis indicates that negative polarity flux tubes are present almost everywhere in the outer penumbra. Similar two-component inversions of another spot by also confirm that flux tubes return to the solar surface in the mid-penumbra and beyond. Magnetic fields pointing downwards in the penumbra are predicted by most theoretical models of the Evershed flow: the siphon flow model (Thomas & Montesinos 1993) , the moving tube model (Schlichenmaier 2002 ) and the downward-pumping model of Thomas et al. (2002) and Weiss et al. (2004) . Also, we want to stress that the magnetic field inclinations found in the background atmosphere coincide very well (at all radial distances) with those predicted by the current sheet sunspot models of Jahn (1989) . This is quite remarkable, as the agreement is not satisfactory when the predicted inclinations are compared with the ones deduced by Beckers & Schröter (1969) . Figure 6c shows the relative azimuth ∆ψ, i.e., the LRF azimuth difference between the inferred magnetic field vectors and a purely radial field. This quantity gives an idea of the twist of the field lines in the flux tubes and the background. Almost everywhere in the penumbra, the relative azimuths are smaller than 5
• in both atmospheric components, suggesting that the fields are essentially radial. Note, however, that the field lines may possess significant azimuthal components at some locations in the penumbra, as revealed by the rms fluctuations of the individual values. The small average relative azimuths detected in the flux tubes and the background are in excellent accord with the values reported earlier by Lites & Skumanich (1990 ), Westendorp Plaza et al. (2001a , and Mathew et al. (2003) . We believe that at least part of the observed deviations from radial fields must be solar in origin, as they are larger than our uncertainty of about ±2
• in locating the origin of azimuths (defined by the orientation of the calibration optics in front of the polarimeter). Figure 6d displays the radial variation of the azimuthally averaged filling factor. In the umbra, the flux-tube component is almost absent. Flux tubes show up in the inner penumbra, where the filling factor increases quickly, reaching a maximum of ∼65% at around 0.7 penumbral radii. Towards the outer sunspot boundary, the filling factor decreases slightly down to about 50%. Whether this reflects a smaller number of tubes or changing visibility conditions (e.g., a gradual shift of the tubes to layers below or above the line forming region) cannot be decided without a more realistic model including gradients of the atmospheric parameters. The extended height coverage required by such a model could be provided by simultaneous observations of infrared and visible lines.
Kinematic structure
The velocity vector cannot be inferred directly from the observations, because only the LOS component induces a Doppler shift in the Stokes profiles. To overcome this problem, clever geometrical methods have been developed in the past. Assuming that the flow is axially symmetric around the spot and that its magnitude v depends only on radial distance r, the projection of the velocity vector to the LOS would be given by
where v r and v z represent the radial and vertical components of the velocity vector in the LRF (positive outwards and upwards, respectively), θ is the heliocentric angle of the observations, and ϕ is the position angle measured counterclockwise from the negative y-axis of the LRF. From the inversion we know v LOS (r, ϕ) for the two atmospheric components, hence it is possible to determine v r (r) and v z (r) by least-squares fitting the observed variation of the LOS velocities around the sunspot center. The azimuthally averaged magnitude and inclination of the velocity vector at r are then given by v = (v 2 r + v 2 z ) 1/2 and γ v = arctan v r /v z , respectively. This method, originally proposed by Kinman (1952) , has been used in many studies (e.g., Maltby 1964; Schröter 1965; Title et al. 1993; Skumanich et al. 1994; Rimmele 1995; Martínez Pillet 1997; Bellot Rubio et al. 2003; Tritschler et al. 2004) . The reliability of the inferred flow angles decreases when the azimuthal modulation caused by the first term on the right hand side of Eq. (2) is affected by noise. This happens when either v or v r are small, i.e., when there is no flow or the flow is predominantly vertical. For the method to give reliable results, it is also necessary that the fluctuations in v LOS (r, ϕ) caused by the fine structure of the penumbra be smaller than the sinusoidal variation of v LOS . Since we account for this fine structure by considering two magnetic components in the resolution element, our LOS velocities should provide more realistic results than Doppler shifts deduced directly from, e.g., line bisectors, which cannot separate the effects of the different magnetic components of the penumbra. Figure 7 displays the radial variation of the angle and the magnitude of the flow in the background and flux-tube atmospheres as deduced from two independent least-squares fits of the inferred LOS velocities to Eq. (2), one for each atmospheric component. Let us consider first the results for the flux-tube atmosphere (left panels). Because of the much larger flow speeds (up to 6.5 km s −1 ), the magnetic component describing the penumbral tubes is responsible for the largest fraction of the total mass flux. The inclination of the flow in the tubes increases almost linearly from the inner to the outer penumbra. At a normalized radial distance of 0.8, the flow becomes horizontal, and further outwards it returns to the solar surface. There is a perfect alignment of the velocity and magnetic field in the flux tubes: the velocity vector and the magnetic field vector are parallel from the inner penumbra all the way to the outer penumbral boundary, with maximum differences of only ±2
• , well within the error bars. This is a solid conclusion: a systematic error of 100 m s −1 in the LOS velocities (due to uncertainties in the value of the convective blueshift) would change the flow angles by a mere ±1.5
• . As pointed out by Bellot Rubio et al. (2003), this result solves the old problem of non-parallelism of the Evershed flow and the field lines, and shows that the origin of the problem is the inability of simpler one-component analyses to properly describe the fine structure of the penumbra. As can be seen in the upper left panel of Fig. 7 , the only region where the Evershed flow would be more horizontal than the magnetic field is the very outer penumbra. A fasterthan-expected decrease of the downward vertical velocity near the outer penumbral edge is responsible for the discrepancy. We believe that the downward penumbral velocities get more and more mixed with the upward granulation velocities as one moves to the outer parts of the spot, leading to the observed decrease in the magnitude of the vertical velocity. This idea is supported by the observation that, due to the irregular shape of the spot, the more external azimuthal paths encounter some quiet sun granulation intrusions. Thus, the angles derived near the outer penumbral boundary may not be representative of the true inclination of the flow.
Let us now turn our attention to the kinematic structure of the background component (right panels in Fig. 7 ). This atmosphere harbors very small motions in the inner penumbra, the flow speed never exceeding 0.4 km s −1 . Beyond r/R = 0.7, the flow speeds are larger, reaching maximum values of 2 km s −1 . Thus, the background is not at rest. Our non-zero background velocities are able to explain an important, but subtle, observational result. As spots cross the solar disk, the NCP of visible lines in the center-side penumbra near the symmetry line is observed to change sign at an heliocentric angle of θ ∼ 16 Pillet 2000) ; that is, the NCP in the center-side penumbra is positive when θ < 16
• and negative when θ > 16
• . Zero NCPs along the symmetry line occur when the LOS velocities in the background and the tubes are the same, i.e., when v back cos (γ v,back ± θ) = v tube cos (γ v,tube ± θ), with the minus sign referring to the center side and the plus sign to the limb side. The flow speeds and inclinations displayed in Fig. 7 for the background and the flux tubes at r/R = 0.9 predict zero NCPs on the center side at θ = 14
• . This is almost exactly what is observed. In addition, the non-zero background velocities prevent the NCP from changing sign in the limb-side penumbra where γ v,tube < 90
• , which also agrees with the observations (Martínez Pillet 2000) . The similarity between predictions and observations is reassuring, because the heliocentric angle at which the NCP goes through zero depends sensitively on the exact geometry of the flow in the two atmospheric components.
In the outer penumbra, we find the velocity vector of the background to be more horizontal than the magnetic field by 10
• -20
• (no calculations have been attempted in the inner penumbra because the small velocities make it impossible to derive accurate flow angles). The non-parallelism of the flow and the magnetic field in the background beyond r/R = 0.7 is reminiscent of the behavior deduced from one-component inversions. The analogy suggests that our background atmosphere is indeed a mixture of several magnetic components. That is, in the outer penumbra, the first component returned by the inversion probably represents a combination of the real (static) background and some penumbral tubes that continue upwards through the canopy, as sketched by del Toro Iniesta (2001). These tubes would be more horizontal than the background proper and more vertical than the regular tubes, carrying a small fraction of the Evershed flow to the upper layers.
The existence of such tubes could explain why the flow velocity in the background is significantly different from zero only in the outer penumbra, and why the flow seems to be more horizontal than the magnetic field. They could also explain the discontinuous behavior exhibited by the background magnetic zenith angle in the mid-penumbra (Fig. 4) . Additional indications of tubes that do not return to the solar surface have been presented by Westendorp Plaza et al. (2001b) and Bellot Rubio (2004) , so they deserve consideration in future analyses. Perhaps these tubes represent the inner footpoints of siphon flows ending in pores or strong magnetic flux concentrations outside the spot, as proposed by Meyer & Schmidt (1968) , Thomas & Montesinos (1993) , and others. We do not see the downstream footpoints of these structures because the transition from upflows to downflows occurs well above the line forming region. An alternative scenario is suggested by recent simulations of the dynamical evolution of flux tubes in the penumbra (Jahn 2003) . The simulations seem to indicate that tubes originating at a depth of 5-6 Mm have the tendency to appear first in the mid-penumbra. It remains to be investigated whether or not the magnetic and kinematic properties of these flux tubes differ from those of the regular ones.
The azimuthally averaged flow speed in the flux-tube component reaches values as large as 6.5 km s −1 around 0.8-0.9 penumbral radii. This is only slightly smaller than the sound speed in the sunspot, so it is of interest to investigate if supersonic velocities exist in the penumbra. Having demonstrated that the Evershed flow is parallel to the field lines, we can determine the magnitude of the flow in each pixel using the individual LOS velocities and LOS magnetic field inclinations inferred for the flux-tube atmosphere. More specifically, the magnitude of the Evershed flow (corrected for the viewing angle) is computed as v = v LOS /cos γ LOS . In addition, we can estimate for each pixel the local sound speed (c s ) and the tube speed
1/2 , with c A the Alfvén velocity) from the field strengths, temperatures and densities 4 returned by the 4 Densities are computed from gas pressures and temperatures using the ideal gas law. Gas pressures result from the condition of inversion code at log τ 5 = −1. In Fig. 8 , overlying continuum images of AR 8704, pixels outside the umbra where the flow is supersonic (top) or supercritical (bottom) are displayed in black. To avoid large extrapolations, no calculations have been attempted where the cosine of the LOS magnetic field inclination is smaller than 0.25. White pixels represent the location of those points. As can be seen, the Evershed flow is supersonic in some places near the outer sunspot boundary, and supercritical in many pixels of the outer penumbra 5 . Supersonic and supercritical velocities are found in 7% and 33% of the pixels, respectively. On average, the flow speeds in these pixels exceed the local sound and tube speeds by factors of 1.24 and 1.26. The maximum magnitude of the Evershed flow in the investigated penumbral area is 15.5 km s −1 . For comparison, the mean sound and tube speeds are 7.2 km s −1 and 5.4 km s −1 , respectively. Thus, we confirm the flow speeds of 10-12 km s −1 indicated by the moving tube simulations of Schlichenmaier (2002) and the large (sometimes supersonic) velocities observed by, hydrostatic equilibrium. Since we neglect magnetic forces in the equation of hydrostatic equilibrium, the densities (and therefore the Alfvén velocities) are only rough estimates.among others, Bumba (1960) , Wiehr (1995 , and Penn et al. (2003) . Our results also suggest that supercritical siphon flows may be necessary to explain the observations. Montesinos & Thomas (1997) have considered critical flows along arched magnetic flux tubes, finding that the velocity undergoes a smooth transition from subcritical to supercritical at the top of the arch. In the examples they present, however, supercritical velocities occur only beyond the outer penumbral edge, whereas we detect such velocities well within the penumbra.
Discussion
The structure of AR 8704 revealed by our two-component inversions is consistent with the notion of penumbral flux tubes embedded in a magnetic background atmosphere, as proposed by Solanki & Montavon (1993) and Martínez Pillet (2000) . The simple inversions presented here provide a rough description of the properties of these distinct atmospheres. The magnetic field is more horizontal in the tubes than in the background. Indeed, the tubes return to the solar surface in the middle penumbra and beyond, whereas the background field lines continue upwards forming the sunspot canopy. The flux tubes carry most of the Evershed flow, which is found to be aligned with the magnetic field vector everywhere in the penumbra. By contrast, the background atmosphere is essentially at rest in the inner penumbra and harbors small flows in the outer penumbra (perhaps the signature of a different family of penumbral tubes that continue upwards without returning to the solar surface).
In general, our results confirm the signs of the radial variation of the magnetic field vector and the flow velocity deduced from one-component analyses. However, the details are significantly different. This is because we explicitly account for the unresolved structure of the penumbra, which allows us to characterize the various magnetic components contributing to the observed Stokes profiles. One-component inversions without gradients of the atmospheric parameters cannot separate these components, so they return the properties of the average magnetic field and flow velocity. Of course, such average quantities do not give much information about the individual magnetic atmospheres. At this point, we want to remark that one-component inversions with gradients of the physical parameters lead to essentially the same results as our two-component inversions. This has been demonstrated recently by , who analyzed the same set of infrared Stokes profiles emerging from the limbside penumbra in terms of two different geometrical scenarios, namely, one-component atmospheres with gradients and two-component models without gradients. The main advantage of two-component models is that they are more intuitive and easier to interpret: the properties of the tubes and the background field are described by two independent atmospheres, whereas in one-component models the information on the tubes and the background is found at different optical depths.
In what follows, we use the two-component inversions to investigate two important aspects of sunspot penumbrae: the origin of the spine/intra-spine structure of the penumbra revealed by earlier analyses, and the generation of the net circular polarization exhibited by infrared lines.
6.1. Spine/intra-spine structure of the penumbra If one accepts the hypothesis that the Stokes profiles emerging from the penumbra are produced by a single magnetic atmosphere, as it is implicitly assumed in one-component Milne-Eddington (ME) inversions, then the large azimuthal variations of the polarization signal of visible and infrared lines (cf. Fig. 1 ) can be explained as being due to azimuthal fluctuations in the inclination and strength of the average magnetic field vector. This has led to the concepts of fluted penumbra (Title et al. 1993 ) and spine/intra-spine organization of the magnetic field vector (Lites et al. 1993 ). Unless provision is made to account for the unresolved structure of the penumbra, there is no other way to understand the observations.
As can be seen in Fig. 4 , our maps of magnetic field strength and zenith angle do not show significant azimuthal fluctuations in either of the two components. This is striking in view of the results mentioned above, and raises the following question: where do the rapid fluctuations indicated by one-component analyses come from? Figure 5 already provides an answer to this question: the filling factor derived from the two-component inversions do indeed show clear azimuthal fluctuations, especially in the inner and middle penumbra where the map is less noisy. Together with the lack of obvious fluctuations in Fig. 4 , this suggests that the quantity that fluctuates azimuthally is the filling factor (i.e., the area of the resolution element covered by the flux-tube component), rather than the magnetic field inclination, the field strength or the LOS velocity of the two atmospheric components. In other words, the physical parameters of the background and the tubes do not seem to change much at a fixed radial distance, only the number of tubes does. Figure 9 lends support to our claim. In the left panels of that figure we plot the strengths and inclinations of the magnetic field vector resulting from a one-component, ME-like inversion of AR 8704 (see Bellot Rubio 2003) against the filling factors inferred from the present two-component inversions. The physical quantities have been extracted along an azimuthal path crossing the inner penumbra at a normalized radial distance of 0.6. The figure shows an excellent correlation between the fluctuations in field strength and field inclination indicated by the one-component inversions and the filling factor of the flux-tube atmosphere: the magnetic field appears weaker and more inclined in those pixels where the filling factor is larger, i.e., where there are more penumbral tubes. Note that the range of variation in field strength and zenith angle is 1400-2000 G and 40
• -65
• , respectively, while the filling factor varies between 40% and 70%. For comparison, the right panels of Fig. 9 display the zenith angles and field strengths in the background and flux-tube atmospheres along the same azimuthal path. It is apparent that these quantities undergo much smaller fluctuations, i.e., they remain more or less constant along the chosen azimuthal path, in agreement with our idea. Other azimuthal paths crossing the inner and mid-penumbra also show the same tendencies, sometimes with larger scatter. We conclude that the fluctuations in the strength and inclination of the average magnetic field vector deduced from one-component analyses are actually caused by azimuthal variations in the number of tubes present in the resolution element (i.e., the filling factor), not by real changes in the physical conditions of the magnetic components of the penumbra.
It is tempting to think that the intra-spine regions observed in polarization maps at moderate spatial resolution are individual flux tubes (and, correspondingly , that spine regions represent a pure background). However, this association cannot be made because of the large horizontal sizes of intra-spines (about 1.5-2 arcsec according to the maps presented by, e.g., Lites et al. 2003 and Bellot Rubio 2003) , much larger than the size of the penumbral filaments observed in high resolution images. In reality, spines and intra-spines should be considered as a collection of flux tubes interspersed with a background field. Hence, allowing for changing filling factors is essential if one wants to determine the magnetic properties of the basic building blocks of spines and intra-spines. To give an idea of the importance of this effect, consider the following argument. With tubes 200 km in diameter, there is plenty of room in the resolution element to accommodate up to 3-4 tubes horizontally if the angular resolution is 1 arcsec. Two adjacent pixels having, say, 3 and 1 identical tubes would show rather different polarization signals and hence magnetic properties if the profiles are interpreted in terms of one-component atmospheres, because the filling factor is changing by as much as 66% and this variation cannot be accounted for. Only in the special case in which the filling factor is 0 or 1 (i.e., when the pixel is filled with a pure background atmosphere or a pure flux-tube atmosphere, respectively) would the inferred magnetic field strengths and inclinations coincide with the real atmospheric parameters in the pixel.
Certainly, our two-component inversion reinforces the idea that the penumbra is fluted (as suggested by one-component analyses), because we observe the background and the flux-tube atmospheres to possess rather different magnetic properties. However, we caution that the field strengths and zenith angles of spine/intra-spine regions indicated by simple atmospheric models do not accurately represent the magnetic properties of the background and the flux tubes, because the influence of the filling factor is not considered. Acknowledging this limitation, Lites et al. (1993) warned that spines likely harbor even stronger and more vertical fields than inferred from their one-component inversions, due to the possibility that these structures are not resolved in the observations.
Explaining why the number of tubes present in the resolution element changes azimuthally seems easier than explaining why the magnetic and kinematic configuration of the penumbra should undergo rapid azimuthal fluctuations. In the scenario set by the interchange convection model of Jahn & Schmidt (1994) and Schlichenmaier et al. (1998) , one might speculate that the emergence of a flux tube at a given position angle makes it easier for other tubes to emerge at exactly the same location, simply because the background atmosphere is already perturbed. Examining the feasibility of this idea calls for detailed numerical simulations. Here we just mention that additional indications of azimuthal fluctuations in the filling factor have been gathered by Bellot Rubio (2004, his Fig. 7 ) from the analysis of two-dimensional filtergrams of another spot observed with adaptive optics. Schlichenmaier & Collados (2002) found that the NCP maps of spots observed in Fe  1564.8 nm show the tendency to be antisymmetric about the line connecting disk center and sunspot center. As seen in Fig. 10a , this is the case for AR 8704 too. The figure also demonstrates that, even at an heliocentric angle of 40
Origin of the NCP of infrared lines
• , the Fe  1564.8 nm line exhibits very small NCPs in the penumbra (the mean absolute value is 2.3 mÅ).
Using the analytical results of Landolfi & Landi degl'Innocenti (1996) , and Müller et al. (2002) suggest that the antisymmetric distribution of the NCP of infrared lines is due to jumps in the magnetic field azimuth along the line of sight, together with discontinuities in the LOS velocity. The NCP created by discontinuities in the magnetic field strength and inclination is symmetric with respect to the line of symmetry. Thus, jumps in the magnetic field azimuth are the key ingredient to explain the observed NCP maps. Due to projection effects, two magnetic atmospheres in the resolution element having different LRF field inclinations will show different LOS magnetic azimuths even if their azimuths in the LRF are identical. Müller et al. (2002) have demonstrated that an uncombed atmosphere consisting of nearly horizontal flux tubes embedded in a more vertical background field produces the required azimuth jumps in a • to 180 • ) and negative to the left (position angles from 180
• to 360 • ) to explain the spatial distribution of the NCP of Fe  1564.8 nm.
As mentioned earlier, our two-component model is unable to produce any NCP because it does not incorporate discontinuities along the line of sight. However, information on the magnetic field azimuths is extracted from the observed Stokes Q and U profiles. Therefore, it is of interest to check whether the LOS magnetic azimuths inferred from the inversion confirm the mechanism proposed by Müller et al. (2002) and . Figure 10b displays the sign of the LOS azimuth difference ∆ψ LOS in AR 8704. We find that this quantity is predominantly positive to the right of the symmetry line and negative to the left, in excellent accord with the predictions of these authors. A similar result has been obtained by . Figure 10c shows the actual azimuth differences along an azimuthal path crossing the penumbra at r/R = 0.6. Azimuth jumps as large as 80
• are observed, with a sharp transition from positive to negative values near the line of symmetry in the center-side penumbra (ϕ ∼ 180
• ). The solid line in Fig. 10c indicates the LOS azimuth difference that would be produced by LRF magnetic field inclinations of 80
• and 40
• in the tubes and the background, together with LRF relative azimuths of 3.5
• and −3
• in both atmospheric components, according to the formulae given by Müller et al. (2002) . These inclination angles and relative azimuths have been taken from Fig. 6 . As can be seen, the agreement between theoretical predictions and observations is quite satisfactory. We note that small relative azimuths are necessary to explain the non-zero azimuth jumps occurring on the limb side near the neutral line (ϕ ∼ 0
• ). Nonzero relative azimuths also account for the shift of the whole ∆ψ LOS curve toward positive values observed in Fig. 10c . Thus, our results confirm the LOS azimuth jumps proposed by Müller et al. (2002) and to explain the antisymmetric distribution of the NCP of infrared lines emerging from sunspots. We believe that this confirmation makes a strong case for the existence of two magnetic components in the penumbra.
Summary and outlook
We have characterized the magnetic and kinematic properties of a sunspot penumbra from an inversion of infrared Stokes profiles based on a two-component model atmosphere. Our model is meant to describe the different magnetic atmospheres coexisting in the resolution element. These atmospheres leave clear signatures in the observed polarization signals. We have chosen the simplest geometrical scenario possible for the first application of the model to a complete spot. In particular, we do not consider discontinuities along the line of sight or gradients of the atmospheric parameters with height. Thus, the model is unable to produce net circular polarization. Despite that, the observed Stokes profiles are reproduced very satisfactorily, including those near the neutral line.
In general, the results of the two-component inversions confirm the uncombed penumbral model of Solanki & Montavon (1993) and Martínez Pillet (2000) . Our main findings can be summarized as follows:
1. The penumbra can be explained in terms of magnetic flux tubes embedded in a background field. The radial variation of the properties of these atmospheres is rather smooth, as can be seen in Figs. 6 and 7. 2. The magnetic field strength is weaker in the tubes than in the background except near the outer penumbral boundary. The variation of the field strength with radial distance is slower in the tubes than in the background, as found by Rüedi et al. (1999) and .
3. The tubes are more horizontal than the background field. They are slightly inclined upwards in the inner penumbra, then become horizontal at about 0.8 penumbral radii, and finally return to the solar surface in the outer penumbra (with maximum zenith angles of ∼100 • ). The magnetic field of the background never returns to the solar surface. The inclination angles deduced for this atmospheric component are in excellent agreement with those predicted by sunspot models incorporating current sheets (Jahn 1989) . 4. The bulk of the Evershed flow is associated with the flux-tube component. We find a perfect alignment of the velocity vector and the magnetic field vector at all radial distances in the flux tubes. That is, the flow is also seen to return to the solar surface, which may potentially solve the problem of mass conservation of the Evershed flow (Solanki et al. 1994 ). 5. The azimuthally averaged flow speed in the tubes reaches values as large as 6.5 km s −1 at 0.8-0.9 penumbral radii. This is similar to the sound speed in the spot. By deprojecting the observed LOS velocities in the flux-tube component, we find that the flow is supercritical in many pixels of the outer penumbra and supersonic at some places near the outer sunspot edge. The maximum flow speed observed in AR 8704 is 15.5 km s −1 . This is consistent with the supersonic flows predicted by the moving tube model (Schlichenmaier 2002) and with the large velocities observed by del Toro Iniesta et al. (2001), and Penn et al. (2003) . 6. Material flows in the background component are negligible in the inner penumbra and small (<2 km s −1 ) in the outer penumbra (normalized radial distances larger than about 0.7). In addition, the velocity vector is found to be more inclined than the magnetic field vector by some 10-20
• . This could be the signature of a new family of tubes that emerge in the mid-penumbra and never return to the solar surface, as suggested by Westendorp Plaza et al. (2001a,b) . Due to the simplicity of our model, we cannot clearly separate these tubes from the real background, which is expected to be at rest. 7. We see spines and intra-spines in circular and linear polarization ( Fig. 1 ), but not in the maps of physical quantities (Fig. 4) . The magnetic and kinematic properties of the flux tubes and the background at a given radial distance do not seem to vary much around the spot. The quantity that fluctuates azimuthally is the fraction of the resolution element occupied by the flux tubes. This suggests that the strong azimuthal fluctuations in the average field strength and field inclination indicated by one-component analyses are not real, but artifacts induced by the impossibility to separate the various magnetic components of the penumbra. 8. Information on the field azimuths is successfully extracted from the observed linear polarization profiles. The difference between the LOS magnetic field azimuths in the flux-tube and the background atmosphere inferred from our two-component inversions is in excellent accord with that required to explain the antisymmetrical distribution of the NCP of Fe  1564.8 nm with respect to the line of symmetry Müller et al. 2002) . This result provides additional evidence for the existence of two magnetic components in sunspot penumbrae. 9. The two-component model is able to reproduce the observed Stokes profiles of the infrared lines because their NCPs are very small . What makes the infrared lines special is that they show clear signatures of two different magnetic atmospheres in the form of multilobed circular (linear) polarization profiles in the limbside (center-side) penumbra. Our simple geometrical model incorporates the essential ingredients needed to interpret these signatures correctly. Two-component inversions without gradients of the atmospheric parameters may not be appropriate to analyze visible lines, because of the larger NCPs they exhibit. This is confirmed by the results of Lites et al. (2002) , who found that a two-component model with gradients was necessary to explain the anomalous Stokes profiles of the Fe  lines at 630 nm observed in the penumbra of a complex δ spot.
We have shown that two-component inversions of infrared lines offer a consistent picture of the fine structure of the penumbra.
They solve serious problems connected with one-component interpretations of the observations as, for example, the nonparallelism of the flow and the magnetic field in sunspot penumbrae. However, the simple two-component model used here is not well suited to characterize the vertical extent of the flux tubes, the height at which they are placed, or the discontinuities that occur along the line of sight. These aspects must be investigated by means of uncombed models that consider the vertical interlacing of the magnetic background and the flux tubes. Preliminary inversions based on uncombed models have been presented by Bellot Rubio (2003) and Borrero et al. (2003b) . Interestingly enough, the results of these inversions seem to confirm the main tendencies described in this paper. The extended height coverage required by uncombed models can be provided by simultaneous polarimetric observations of visible and infrared lines. Such observations are now possible at the Vacuum Tower Telescope of Teide Observatory, where TIP and POLIS (POlarimetric Littrow Spectrograph; Schmidt et al. 2003) have been combined successfully. Further improvements in current inversion codes and new observations will hopefully allow us to isolate the basic building blocks of the penumbra.
